We have produced large samples of ultracold (<20 mK 
Introduction
Translationally cold (in the millikelvin regime) molecular ions embedded inside Coulomb crystals are ideal targets for a large variety of investigations, including high-precision measurements of ro-vibrational transition frequencies, and state-selective studies of chemical reactions.
Heteronuclear diatomic ions, such as diatomic molecular hydrides, e.g., ArH + and ArD + , are promising systems for high-precision laser spectroscopy and fundamental studies, such as tests of time independence of certain fundamental constants, namely particle mass ratios [1, 2] . For example, ArH + has several useful properties. Its electronic ground state is a X 1 + state. The nuclei have no quadrupole moment and only a single nuclear spin (1/2) is present. This yields a simple hyperfine structure of the ro-vibrational transitions [2] . Furthermore, ArH + has relatively large vibrational and rotational transition rates, but still small enough for enabling ultra-high spectral resolution [3] . One can drive the low-lying ro-vibrational transitions using commercially available continuous-wave laser sources, e.g. OPOs, in the mid-IR wavelength region, see [3] and references therein, or quantum cascade lasers. Using far-infrared laser spectroscopy the first determination of the electric dipole moment of a molecular ion, ArD + , was demonstrated with an accuracy at the few per cent level, by measuring the Zeeman effect in low-lying rotational transitions of ArH + and ArD + , produced in a discharge source [4] . The use of ultracold ArH + ions may allow us to improve precision of such measurements. Precision measurements of one or several ro-vibrational transition frequencies over time could serve to test the constancy of the nuclear-to-electron mass ratio. A technique to perform highprecision spectroscopy on non-fluorescing ions has recently been demonstrated [5] . Another interesting perspective is to use certain ultracold heteronuclear diatomics, in 1,2,3 or 2 states which are among the most frequent electronic ground states in molecules, as model systems for the implementation of schemes for internal state manipulation [3, 2] . For this purpose, molecules with a relatively simple hyperfine structure of the ro-vibrational transitions are more favourable, in order to limit the number of laser sources required for internal cooling schemes.
Being among the most abundant molecules in interstellar clouds, the chemistry of hydrogen molecular ions is relevant to astronomy. At present, the interstellar gas-phase chemistry of H + 3 and its deuterated isotopomers is not completely understood [6, 7] . Measurements of state-specific reactions of H + 3 via high-resolution infrared spectroscopy can provide valuable input for theories of ion-molecule gas-phase chemistry and precise calculations of molecular transition frequencies. Such measurements could so far only be performed on warm samples [8] . Ultracold ensembles of triatomic hydrogen molecular ions, possibly cooled to their ro-vibrational ground state using cryogenic techniques, could lead to improved studies. As an example, translationally ultracold molecular ions in lowlying ro-vibrational levels (populated at room temperature) could be excited to higher rovibrational levels (not populated at room temperature), using standard IR laser sources. Chemical reactions between state-prepared ultracold molecular ions and (state-prepared) ultracold neutral molecules, which are endothermic when the ions are in low-lying vibrational levels, but exothermic for the excited vibrational levels, could then be studied.
A powerful method for cooling molecular ions to translational temperatures in the millikelvin regime is sympathetic cooling. The translational energy of molecular ions can be reduced by interaction with directly cooled (laser-cooled) atomic ions. Under strong cooling, i.e., when the translational temperature drops to about 50 mK, the ions undergo a phase transition to an ordered state, a Coulomb crystal, characterized by well-defined sites [9] [10] [11] . Typical interparticle distances are in the range of a few tens of micrometres. This method has been applied to an increasing number of molecules (and atoms), since it overcomes the lack of closed optical transitions required for direct cooling and is independent of electric or magnetic dipole moments or the internal level structure [12, 13] .
Recently, we have reported the production of ultracold molecular hydrogen ions, e.g., H [13] . The molecular ions were produced by in situ ionization of neutral molecular gases (H 2 , D 2 or HD) in the ion trap using low-energy electrons. Ion crystals of various sizes and ion species ratios were formed with the fraction of molecules exceeding 70%. Chemical reactions were involved in some of the molecule species production. Since the method used also leads to the formation of unwanted impurity ions purification was applied in order to remove those ions from the crystal [14, 13] . However, crystal purification usually also leads to partial loss of the molecular species of interest.
In this work, we demonstrate a novel, more efficient production method for the molecular hydrogen ions H 
Apparatus and methods
A detailed description of our ion trap apparatus and the basic experimental procedure is given elsewhere [11, 14] . Here, we summarize the main aspects only. We use a linear quadrupole trap to simultaneously store laser-cooled (LC) and sympathetically cooled (SC) ions. The trap is enclosed in an ultra-high vacuum chamber kept below 5 × 10 −11 mbar. Stable trapping of ions is ensured by a Mathieu stability parameter, q = 2QV RF m 2 r 2 0 , significantly below 0.9. Here, Q and m are the charge and the mass of the ions. V RF and are the amplitude and the frequency of the rf driving field and r 0 = 4.3 mm is the distance from the trap centre to the electrodes. Typically, we set the stability parameter q 0.054 for the Be + ions. In the absence of ion-ion interactions, oscillations transverse to the z-axis (the trap centreline) occur with a frequency ω r = ω
1/2 is obtained from a static potential V EC applied to the end sections of the trap in order to achieve particle confinement in the z-direction. κ is a constant determined by the trap geometry.
For laser cooling of Be + ions we produce light resonant with the 2 S 1/2 (F = 2) → 2 P 3/2 transition at 313 nm by doubly resonant sum frequency generation [15] . One of the fundamental waves is frequency stabilized to a hyperfine transition of molecular iodine. Thus, absolute frequency stability is achieved for the UV laser light. An AOM allows for shifting the UV frequency within a range of 340 MHz while maintaining absolute frequency stability. Optical pumping to the metastable ground state 2 S 1/2 (F = 1) is prevented using a repumper red detuned by 1.250 GHz. The cooling laser beam is along z.
Neutral beryllium atoms are evaporated from an oven and ionized in situ in the trap by an electron beam crossing the trap centre. The Be + ions are subsequently laser-cooled so that they undergo a phase transition to an ordered state, a Coulomb crystal [16] . The phase transition is monitored using a charge-coupled device (CCD) camera and a photo-multiplier tube (PMT), both located perpendicular to the trap symmetry axis. Typically, the translational temperature of the Be + ions in such crystals is in the few millikelvin range [11] (see section 3 for a description of the method used for temperature determination). Then, Ar + , Ne + , Kr + or O + 2 ions are produced by electron-impact ionization of neutral gases introduced to the vacuum chamber at pressures of ≈4×10 −10 mbar. The loading rate is controlled by the partial pressure of the neutral gas and the electron beam intensity. A fraction of the ions is sympathetically cooled and crystallized via Coulomb interaction with the ultracold Be + ions and embedded in ordered ion shells at larger radii compared to the Be + ions, due to their larger mass-tocharge ratio. After allowing for the gas pressure to drop to the initial value, neutral molecular hydrogen gas is introduced in the vacuum chamber at partial pressures of ≈2 × 10 −10 mbar. As a result, H + 3 molecular ions are formed via two-step ion-neutral chemical reactions. The two reaction paths are, respectively,
The initial reactions in (1) and (2) are exothermic by ≈0.15 eV and have a branching ratio of 0.15:0.85. They are expected to proceed with a temperature-independent Langevin reaction rate constant k L = 1.9×10 −9 cm 3 s −1 ; see, e.g., [17] [18] [19] . For (1) , to the best of our knowledge, no measured rate constant has been reported so far. The second step in (1), being exothermic by ≈2 eV, proceeds with a large (measured) rate constant k = 2.9 × 10 −9 cm 3 s −1 [19] [20] [21] . In reaction (2), the (measured) rate constant is k = 1.1 × 10 −9 cm 3 s −1 , for the first step [19] , and k = (5-9)×10 −10 cm 3 s −1 for the second step, which is exothermic by ≈1.67 eV, [19, 18] , the second reaction paths in (2) proceed with rate constants smaller (by a factor of 5-10) than the rate constants for the initial reaction paths [22, 23] . For the case of Ne + , the reaction should proceed at a calculated Langevin rate k L = 1.53 × 10 −9 cm 3 s −1 (see [19] and references therein) however, no experimental results were reported to date.
The produced light diatomic and triatomic hydrogen molecular ions, H For the measurements in this work we excited radial oscillation modes only. However, for slightly anisotropic trap potentials, leading to small mass-specific displacements of the different ion species from trap centre, a coupling between radial and axial oscillation modes is induced, as observed for some of the generated crystals. In the presence of heavier molecules outside the Be + ions, and/or in the presence of strong cooling light pressure forces on the Be + (which moves, e.g., the heavy ions to one end of the crystal) in an anisotropic trap potential, the radial excitation of the heavy ions in the outer crystal regions couples into the z-motion of the Be + ions in the following way: as the heavy ions are moved radially (even at small amplitudes, far away from their own radial motional frequency), the Be + ions are displaced along z, and so their axial motion is excited. The Be + z-resonance is not present if the heavy ions are removed from the trap. This effect has to be taken into account for the analysis the motional frequency spectra obtained.
For the radial excitation of particle oscillation modes an additional rf field is applied to an external electrode parallel with the z-axis of the trap, located between the two uppermost trap electrodes (at 45
• to the x-and y-axis of the trap). When the frequency of the excitation field is resonant with a mode of an SC ion species the Be + fluorescence level changes. This can be observed via the PMT. The change is due to the fact that the SC ion species' heating also leads to a heating of the LC ions, via Coulomb interaction, and thus, to a change of the observed atomic fluorescence [24] . The trap oscillation spectra in this work were obtained with the laser detuned to the red of the cooling transition by approximately the natural line width of Be + (≈20 MHz). For such a detuning, the excitation of a particular SC species leads to an increase of atomic fluorescence.
For a trapped SC ion with mass m the radial oscillation frequency is approximately given by
with ω Be (m Be ) being the radial oscillation frequency (mass) of the 9 Be + [25] . For the parameters used, ω Be = 280 kHz. Experimentally, an oscillating electric field with its frequency scanned between 10 kHz and 2 MHz is applied to the plate electrode, with amplitudes of up to several volts to excite the collective motion of the ions.
The CCD camera images of the Be + ion fluorescence obtained are compared to the results from molecular dynamics (MD) simulations. In the simulation we solve Newton's equations of motion for LC and SC particles in an effective, time-independent harmonic potential. The simulations are performed using a simple linear viscous damping force to describe the cooling laser [26] , and include light pressure forces and trap asymmetries (where required). These asymmetries, obvious from radial asymmetries of imaged ion crystals, can arise from static stray potentials leading to species-dependent displacements of the ions from trap centre. In order to allow for comparison with the observed structures the calculated ion trajectory positions are averaged over time and the obtained spatial probability distribution is plotted.
Using the MD simulations, the motional frequency spectrum for pure and mixed-species ion crystals can also be computed. In the simulation, a small (uniform) step-function perturbation is applied to all ion species in, e.g., the x-direction, and then the system is allowed to evolve, leading to damped oscillations of the ions around their equilibrium positions. The Fourier spectrum of the sum over all coordinates x is the computed motional spectrum for the case of small excitation amplitudes [27] . Figure 1 illustrates the production of ultracold H + 3 ions using chemical reactions and sympathetic cooling. In the example given, Ar + ions were used as reactants. First, an about 1.3 mm long Coulomb crystal containing ≈1250 Be + ions was produced, figure 1(a). The crystal displays an ordered shell structure with a typical inter-shell spacing of ≈29 µm. An upper limit for the translational temperature of the crystal of ≈10 mK was deduced from MD simulations. For this purpose, the size of the imaged ion spots was compared to the simulations. The estimated temperature agrees well with direct temperature measurements based on the determination of the spectral line shape of the spontaneous emission fluorescence; see [11, 25] .
Production of ultracold diatomic and triatomic hydrogen molecular ions

H + 3 ions
Subsequently, Ar + ions, produced in situ in the trap, were sympathetically crystallized and embedded in shells located at larger radii compared to the Be + ion shells, due to their larger mass-to-charge ratio. This leads to a massive radial deformation of the Be + ion shells, due to space-charge effects, figure 1(b) . Since the camera images show a projection of the ion crystal perpendicular to its symmetry axis (along z) the deformation of the Be + shells becomes obvious on the upper and lower part of the image only. The longitudinal extension of the crystal is significantly increased, exceeding the field of view of the CCD camera. According to the MD simulations, the crystal has an estimated length of ≈3 mm and contains around 1000 Ar + ions. The crystal shape is consistent with small admixtures of lighter impurities (≈150 ions), such as N + 2 and Ar ++ , formed by chemical reactions or electron-impact ionization of background gas molecules during loading (see also the secular excitation spectrum in figure 2(a) ). The SC ion temperature is estimated at ≈20 mK, from the simulations and assuming thermal equilibrium with the Be + ions. Usually, Be + ion losses are small during the loading of Ar + . The slight asymmetry of the crystal along the z-axis (in longitudinal direction) is due to light pressure forces felt by the atomic coolants only.
In the next step, ultracold H + 3 ions are formed via the chemical reactions (1) and (2), as evidenced by the appearance of a large dark crystal core, figure 1(c) (see below for the mass-spectroscopic analysis of the ions formed). Note that the small dark core on the left part and background hydrogen molecules, as found via secular mass-spectroscopy. Furthermore, ArH + was formed, as described in section 4. Usually, chemical reactions between laser-excited Be + ions and neutral H 2 gas occur, leading to the formation of BeH + , and thus, to loss of Be + ions [28] . However, this process was minimized here by reducing the population in the excited state of Be + by strongly detuning the laser frequency to the red of the cooling transition during exposure of the crystal to neutral H 2 . The absence of BeH + is also confirmed by MD simulations [25] . The third step consists in the removal of ions with a mass-to-charge ratio larger than ≈20 from the trap. This is achieved by applying a sufficiently large static quadrupole potential to the central trap electrodes. The symmetry of the trap secular potential is broken to the point that the motion of the ions becomes unstable in one radial direction for heavy ions but 1 c) ; (c) after the removal of ions heavier than Ar ++ ( figure 1(d) ). The calculated single-particle secular frequencies are marked as arrows: Ar + , 63 kHz; N + 2 , 90 kHz; Ar ++ , 126 kHz; H + 3 , 840 kHz. The strong deviations between observed and calculated motional frequencies occur in these (large) ion crystals, due to the Coulomb interaction between the ions. not for the lighter SC species and the coolants [14] . In the example shown, we deliberately did not remove impurities with a mass-to-charge ratio smaller than ≈20, mostly Ar ++ , from the crystal, in order to estimate their number via the MD simulations. Figure 1(d) shows the resulting ion crystal. This crystal can be well reproduced by the MD simulations, figure 1(e) , if the number of Be + ions ≈1150, the number of molecular hydrogen ions ≈100, the (assumed uniform) translational temperature of the (multi-species) ion crystal is 20 mK, and the number of Ar ++ ions is 30.
In general, the number of H + 3 ions can be controlled by the pressure of the neutral hydrogen gas and the loading time, and can be varied over a wide range, from a few ions embedded as a string on the crystal axis up to a few thousand ions forming a large dark core. For the production of small numbers of ultracold H + 3 it is important that the residual gas partial pressure of molecular hydrogen is sufficiently low. figure 2(a) . The spectrum shows a fairly complicated structure with pronounced features at 58 kHz, 82 kHz, 122 kHz and 166 kHz. The calculated single-particle secular frequencies for Ar + , N + 2 and Ar ++ are 63 kHz, 90 kHz and 126 kHz. Due to Coulomb coupling between the ions the measured frequencies deviate significantly from the calculated singleparticle frequencies; see, e.g., [30, 29] . Therefore, the MD simulations are used for assigning the resonances to the various species.
Detection via secular excitation mass spectroscopy
The feature at 58 kHz can be attributed to the excitation of the axial ω z Be + mode. This feature appears to be split in frequency, as indicated in figure 2(a) , caused by small anisotropies of the trap secular potential. The feature at 82 kHz is due to sympathetically crystallized Ar + , whereas the features at 122 kHz and 166 kHz are attributed to N + 2 and Ar ++ ions, respectively. As a check, measurements in the cloud state, where coupling between ions is weak, yield secular frequencies that agree within the experimental resolution with the calculated values. Figure 2(b) shows the secular spectrum of the crystal after exposure to neutral H 2 gas. It shows the low mass-to-charge region indicating the content of the produced dark crystal core. The spectrum shows an asymmetric feature with a maximum at ≈855 kHz, attributed to the production of translationally ultracold H + 3 ions. After the removal of the outer (heavy) SC particles, ArH + , Ar + , N + 2 , but not Ar ++ , the feature has narrowed and become symmetric ( figure 2(c) ). According to the MD simulations, the change in the width can be explained by space-charge effects induced by the heavier SC ions located outside the Be + shells. This interpretation is also consistent with the strong deformation of the crystal shape following the loading with neutral argon gas. In addition, an increased translational temperature of the crystal (due to the embedded SC particles) or temperature gradients in radial and axial trap direction could contribute to the broadening of the H + 3 secular line shown in figure 2(b) . For comparison, the secular frequency spectrum of another Be + ion crystal of comparable size and shape after inlet and electron beam ionization of neutral H 2 gas is presented in figure 3(a) . The corresponding secular frequency spectrum typically shows a broad feature originating from embedded H figure 2(a) ) at the level of a few kilohertz, which is the typical level of agreement between our simulations and the measurements. However, the position of the double feature at around 40 kHz, attributed to the excitation of the axial (ω z ) Be + mode and split in frequency due to the anisotropy of the trap secular potential (reproduced in the simulations), and the position of the feature at 75 kHz are shifted to lower values compared to the measured frequencies. This shift might be explained by nonlinearities in the response signal, since in the simulations the perturbation amplitude applied is small compared to the amplitude applied in experiment. Furthermore, the features at 126 kHz and at 170 kHz are shifted towards (slightly) larger values compared to the measured data, which is attributed to the different excitation amplitudes together with space-charge effects [27] . The smaller features at frequencies <25 kHz are numerical artefacts. Whereas the first step of reaction (4) should proceed at a (calculated) Langevin reaction rate of k L = 1.53 × 10 −9 cm 3 s −1 , for the second step smaller values for the rate constant were measured, k = 2 × 10 −11 cm 3 s −1 [19] . The second step in reaction (5) occurs with a rate constant k = 1.5 × 10 −9 cm 3 s −1 , whereas for the third step, exothermic by ≈1.87 eV, k = 5 × 10 −10 cm 3 s −1 [31] . 
D
If the H 2 or D 2 gas is removed sufficiently early multi-step reactions of the type (2) and (4) do not occur efficiently, and the molecular ions remain in the trap. The detection of (small) amounts of nitrogen hydride (or argon hydride) molecular ions via secular excitation mass spectrometry in the crystal state is complicated mainly due to the limited experimental resolution and the coupling between LC and SC particles which depends on the number of ions involved, their translational temperature and the excitation amplitude. This can lead to combined trap modes of oscillation in the spectra, as illustrated in figure 6 . There, an ensemble of H + 2 and H + 3 ions, with its secular spectrum shown in figure 6(a), was exposed to molecular nitrogen gas and the secular spectrum was recorded after the observed dark crystal core, stemming from embedded H The N 2 H + feature is hidden in the broad structure at around 120 kHz. In the cloud state secular spectrum, figure 6(c), the composite trap modes of oscillation disappear, due to a weaker coupling, and a single feature is observed, stemming from N 2 H + . However, it is desirable to detect the molecular ions formed in the crystal state, in order to estimate their number and their translational temperature by the simulations. For this purpose and in order to avoid complications originating from coupling effects in strongly correlated plasmas, a different detection technique was developed. An additional chemical reaction is introduced, in order to shift the resonance frequency of the reaction products formed in this step to an experimentally more favourable frequency region and still allow for an unambiguous identification of the molecular ions formed in the first step.
The production and detection of ultracold N 2 H + molecular ions is shown in figure 7 . First, N + 2 (and smaller amounts of N + ions) were produced and embedded in the crystal. Figures 7(a) and (b) show the measured motional frequency spectra for the multi-species ion plasma in the crystal and the cloud state, respectively. Due to Coulomb coupling, the motional frequencies deviate significantly between the two states. Furthermore, the feature at around 40 kHz, originating from the excitation of the axial Be + mode, is absent in the cloud state spectrum, probably due to a weaker coupling between radial and axial trap modes of different ion species, as explained above. After inlet of neutral H 2 gas, hydrogen molecular ions, H above reactions, figure 7(d). In the next step, exposure of the ion crystal to neutral D 2 leads to the appearance of a mass-5 feature in the spectrum, figure 7(e), attributed to the formation of ultracold D 2 H + ions via
The dark crystal core formed in the first step (containing H + 3 and H + 2 ) increases during the second step (D 2 inlet) indicating the formation of additional ultracold molecules, D 2 H + . The appearance of a mass-5 feature in the spectrum cannot be explained via other reaction channels, therefore, this allows for identification of the species produced as D 2 H + . Analogously, ensembles of ultracold N 2 D + molecules were formed and detected via the appearance of a mass-4 feature in the spectrum. MD simulations were used to deduce an upper limit for the translational temperature of the nitrogen hydride molecules. The observed ion crystal structure can be reproduced in the simulations when the translational temperature of the nitrogen hydride ions is at below 20 mK. Therefore, we can conclude that the molecules formed are in the crystal state.
ArH
+ ions Figure 8 (a) shows the motional frequency spectrum after inlet and electron-impact ionization of Ar gas. In addition to a double feature at around 40 kHz, originating from the excitation of the axial Be + trap mode, the spectrum displays three distinct features, originating from embedded Ar + (at around 85 kHz), doubly charged Ar ++ (at around 160 kHz), and N + 2 from residual gas (at around 115 kHz). After subsequent H 2 inlet, in the secular spectrum, the presence of ArH + produced via reaction (2) cannot be resolved. The low-mass spectrum evidences the appearance of a dark crystal core which is due to the formation of ultracold H + 3 and H + 2 ions via reactions (1) and (2); figure 8(b) . Typically, the H 2 inlet is stopped after a few seconds, when the longitudinal extension of the dark crystal core is approximately half the total crystal extension; see the inset of figure 8(b) (longer exposure times would lead to larger crystals cores and thus more molecular hydrogen ions formed, an unfavourable situation for the detection method described below).
The production of ArH + in the previous step can be shown by a subsequent exposure to neutral D 2 gas. ArH + ions will further react via the exothermic (by ≈1.67 eV) reaction,
leading to the formation of mass-5 molecular ions, D 2 H + ; see figure 8(c [32] , and for the second reaction k = 1.2 × 10 −9 cm 3 s −1 can be assumed; see [33] . These reactions would not increase the number of ions in the core, as the produced D 2 H + would, at best, replace a H + 2 or H + 3 core ion. Thus, the increase of the core size can only be explained by the presence of ArH + . As reactions (1) and (2) proceed at only slightly larger Langevin rates compared to reactions (4) and (5) (see [19] ) residual Ar + is still contained in the crystal after the H 2 inlet, so that D 2 inlet will then lead to the formation of mass-6 D 
ArD + ions
The formation of ultracold ArD + ions is illustrated in figure 9 . Here, ultracold Ar + ions (and smaller numbers of N + 2 contaminants), embedded in a Be + ion crystal, were exposed to neutral D 2 , leading to the formation of ArD + and D 
as evidenced by the increase in size of the mass-4 peak and the observed increase in the size of the crystal core. The rate constant for this reaction is k = 9.9 × 10 −10 cm 3 s −1
[18]. All other competing reaction channels, see reactions (1) and (2), would lead to the formation of mainly H + 3 ions (in contrast to the experimental observation). The difference in the secular frequencies between the mass-4 features in figures 9(b) and (c) is due to the different excitation amplitudes, with the larger amplitude leading to a downward shift of the motional frequency [27] .
Conclusion
We have demonstrated a novel production method for translationally ultracold H + ions. These sympathetically cooled ions were detected via excitation of their trap (secular) modes. For the interpretation of the measured secular mass spectra we used MD simulations. When the reaction chain is stopped at the first step, ultracold diatomic and triatomic molecular hydrides, e.g. ArH + , ArD + , N 2 H + and N 2 D + , are obtained. The ion number in the multi-species ion crystals can be varied over a wide range from a few hundreds to several thousands, with SC particle fractions of up to 70%. Also, ion crystals containing small numbers (<10) of molecular hydrogen ions or their deuterated isotopomers can reliably be produced with a high degree of control. Using MD simulations we estimate the translational temperature of the crystallized molecular ions at below 20 mK.
The results described in this work could serve as systems for precision (spectroscopic) measurements on ultracold molecules. Such ultracold molecular samples in their electronic ground states could be used to perform precise tests of quantum chemical theories, to investigate chemical reactions with ultracold neutral atoms and molecules, and to implement schemes for laser manipulation of internal degrees of freedom. Reactions between cold H + 3 ions and neutral molecular hydrogen isotopes are important for astrophysics. Furthermore, ArH + , ArD + or H + 3 ions are attractive systems for tests of time independence of particle masses. The produced two-and multi-species ion crystals could also be used to systematically study trap modes as a function of temperature and ion number. + 
